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Characterisation of atmospheric deposited particles during a dust storm in 
urban areas of Eastern Australia 
Abstract 
The characteristics of dust particles deposited during the 2009 dust storm in the Gold Coast and 
Brisbane regions of Australia are discussed in this paper. The study outcomes provide important 
knowledge in relation to the potential impacts of dust storm related pollution on ecosystem health in 
the context that the frequency of dust storms is predicted to increase due to anthropogenic desert 
surface modifications and climate change impacts. The investigated dust storm contributed a large 
fraction of fine particles to the environment with an increased amount of total suspended solids, 
compared to dry deposition under ambient conditions. Although the dust storm passed over forested 
areas, the organic carbon content in the dust was relatively low. The primary metals present in the 
dust storm deposition were aluminium, iron and manganese, which are common soil minerals in 
Australia. The dust storm deposition did not contain significant loads of nickel, cadmium, copper 
and lead, which are commonly present in the urban environment. Furthermore, the comparison 
between the ambient and dust storm chromium and zinc loads suggested that these metals were 
contributed to the dust storm by local anthropogenic sources. The potential ecosystem health 
impacts of the 2009 dust storm include, increased fine solids deposition on ground surfaces 
resulting in an enhanced capacity to adsorb toxic pollutants as well as increased aluminium, iron 
and manganese loads. In contrast, the ecosystem health impacts related to organic carbon and other 
metals from dust storm atmospheric deposition are not considered to be significant. 
 
Keywords: Atmospheric deposition; Back trajectory analysis; Dust storm; Ecosystem health; Lake 
Eyre; Stormwater quality  
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1. Introduction 
The frequency of extreme dust storm events is expected to increase in the future as a result of 
anthropogenic activities on desert surfaces and climate change impacts (Goudie, 2009). Therefore, 
an in-depth knowledge of the characteristics of particulates deposited on ground surfaces due to 
dust storm activity is essential to understand the potential adverse human and ecosystem health 
impacts that can arise. In this context, the characterisation of particles carried by the dust storm of 
23rd September 2009 in Australia is important since it is considered as one of the Country’s worst 
dust storm events covering an estimated total distance of 3,450 km and transported an estimated 1.6 
million tonnes of dust (Jayaratne et al., 2011).  
 
The human health impacts of dust storm particulates depend primarily on the mass concentration 
and the chemical composition of respirable particles, specifically PM10 and PM2.5. However, the 
ecosystem health impacts depend mainly on the characteristics of particles deposited on ground 
surfaces. A detailed characterisation of respirable airborne particles from the 2009 dust storm has 
been reported by Jayaratne et al. (2011) and Radhi et al. (2009). The study by Jayaratne et al. (2011) 
investigated the mass concentration and size distribution of airborne particulate matter and reported 
that approximately 68% of total airborne particle mass contributed was PM10. On the other hand, 
Radhi et al. (2009) characterised the elemental composition of airborne particulate matter in 
addition to the mass concentration and size distribution.  
 
The above studies provide fundamental knowledge regarding the physical and chemical 
characteristics of the airborne particulate matter essential for assessing the potential human health 
impacts from the dust storm. However, respirable airborne particles are not necessarily settleable 
via atmospheric deposition due to buoyancy being dominant over gravity settling. Thus, it is 
important to understand the characteristics of the atmospheric deposition particles as it is these 
particles which are primarily responsible for ecosystem health impacts. 
 
In this context, Aryal et al. (2012) characterised the mineralogy and organic matter present in an 
atmospheric deposition sample collected in Sydney during the same 2009 dust storm. The analysis 
found that the dust storm contained aluminium and silicon along with around 10.6% organic carbon 
on weight basis. However, the study by Aryal et al. (2012) did not compare the atmospheric 
pollutant deposition between ambient conditions and the dust storm. Therefore, the deposition 
solely due to the 2009 dust storm is difficult to assess.  
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Additionally, the study by Aryal et al. (2012) investigated only one study site. The study presented 
in this paper discusses the outcomes of a detailed characterisation of atmospheric deposited dust 
particles collected from a range of sites in the Gold Coast and Brisbane regions of Queensland State 
during the 2009 dust storm, thus providing a region-wide overview of the impacts of the dust storm. 
The study also provides a comparison with ambient atmospheric deposition levels, which enables a 
detailed understanding of actual dust storm pollutant contribution and thereby its specific ecosystem 
health impacts. Additionally, metal loads in the atmospheric depositions were also investigated as 
part of the extensive characterisation of the dust particles. 
 
2. Materials and methods 
2.1 Study sites 
Eight study sites were selected from the Gold Coast, representing industrial, commercial and 
residential land use characteristics (Fig. 1). This range of typical urban land uses enabled the 
differentiation of the local pollutant contribution from the dust storm contribution. The dust storm 
samples were also collected at Queensland University of Technology (QUT) inner city campus 
mainly for the purpose of validating the characteristics of the dust storm samples collected at the 
Gold Coast. 
 
2.2 Back trajectory analysis 
It is widely believed that the 2009 dust storm originated from Lake Eyre Basin, even though limited 
evidence is provided in the literature. Radhi et al. (2009) hypothesised that Lake Eyre Basin was the 
main source by comparing the mass ratios of various elements to silicon in airborne particles 
collected during the dust storm with dust samples collected from Lake Eyre Basin. However, back 
trajectory analysis is a more robust approach to investigate the origins of the dust storm. 
Furthermore, the back trajectory analysis is useful for identifying the possible dust storm path from 
its source of origin to the receptor sites of interest (Wang et al., 2004). This facilitates the detailed 
interpretation of the dust particle characterisation data. 
 
Accordingly, the back trajectory analysis was performed using the Hybrid Single-Particle 
Lagrangian Integrated Trajectory (HYSPLIT) model developed by the Air Resources Laboratory of 
the National Oceanic and Atmospheric Administration (NOAA) (Draxler and Rolph, 2012). The 
back trajectory was calculated using GDAS (global) archived meteorological data for 24 hours 
backwards from the Gold Coast region (28.16670 S, 153.550 E). The dust storm was reported to 
have arrived at the Gold Coast at 11:30 am AEST on 23rd September 2009. Hence, the starting time 
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for the back trajectory analysis was set to the nearest corresponding UTC time, which is 02:00 am 
UTC on the same date.  
 
2.3 Dust sample collection 
The Gold Coast (GC) samples were collected using the sampling apparatus described by 
Gunawardena et al. (2013) and according to Australian and New Zealand Standards: 3580.10.1 
(AS/NZS, 2003). The dust storm samples corresponding to seven antecedent dry days were 
collected in liquid matrix using a funnel with an area of 0.0275 m2 on the 28th September 2009. 
Additionally, atmospheric deposition samples under ambient conditions corresponding to 7 
antecedent dry days were collected in liquid matrix from the same sites outside the dust storm 
period using the same sampling apparatus. The sample collection procedure is described in detail in 
Gunawardena et al. (2013). Another set of dust storm samples were collected in solid matrix at 
Queensland University of Technology (QUT) inner city campus at Brisbane from a smooth flat 
surface and from an air conditioning filter that was installed just prior to the dust storm. 
 
2.4 Laboratory and data analysis 
Dust storm and normal (ambient) deposition GC samples were analysed for particle size 
distribution, metals, total organic carbon (TOC), dissolved organic carbon (DOC), total suspended 
solids (TSS) and total dissolved solids (TDS). For the particle size distribution analysis, Malvern 
Mastersizer S instrument fitted with a 300RF lens was used. The metals were analysed using 
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) following USEPA Method 200.8 
(USEPA, 1994) with prescribed quality control (QC) and quality assurance (QA) procedures in 
place. The metals analysed included, iron (Fe), aluminium (Al), lead (Pb), zinc (Zn), cadmium (Cd), 
chromium (Cr), nickel (Ni), manganese (Mn) and copper (Cu) as these are metals commonly 
present in the urban environment including some species which are potentially toxic (Herngren et 
al., 2006). Certified reference material (CRM multi-element standard solution V, TraceSELECT, 
Product No. 54704) was used for QA and the measurement was accepted if the recovery was within 
85% - 115% of the certificate value. Analytical reagent grade solvents (Sigma–Aldrich, USA) were 
used in all testing.  
 
Method 2540C (APHA, 2004) was used for determining TSS and TDS concentrations. Method 
5310B (APHA, 2004) was adopted for determining TOC and DOC concentrations using Shimadzu 
TOC-VCSH Total Organic Carbon Analyser. The dissolved components, namely, TDS and DOC 
represent the fractions of soluble solids and organic carbon present in the dry deposition. Since GC 
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dust samples were collected in liquid matrix, the laboratory results were in the form of 
concentrations. Thus, the pollutant concentrations in (mg/L) were converted to load per unit area 
(mg/m2) for the data analysis, based on the sample volume and collection funnel area (Table S1 in 
Supplementary Information). The QUT samples were analysed using Scanning Electron 
Microscopy (SEM; Model-JEOL840A) coupled with Energy Dispersive X-ray analysis (EDX; 
Model – FEI Quanta) at 25 kV to characterise the particles and elemental composition, respectively.  
 
3. Results and discussion 
3.1 Back trajectory analysis 
The outcome of back trajectory analysis shown in Fig. 2 clearly confirmed that the dust storm 
originated from Lake Eyre region. The identification of the dust storm path facilitated the 
interpretation of the dust particle characterisation. A close investigation of the dust storm path using 
Google® map (Fig. 2) revealed that the dust storm primarily travelled through desert, open land and 
forest areas prior to reaching the Gold coast region. Thus, it was hypothesised that the dust storm 
particles should primarily contain desert soil dust with a fraction of organic matter contributed by 
vegetation. Additionally, it passed over some highways. However, no major industrial areas were 
located on its path. Hence, the amount of anthropogenic source metals contributed by the dust storm 
was expected to be low compared to geogenic source metals. As such, the anthropogenic metals 
present in the dust storm samples were not expected to significantly increase compared to the pre-
dust storm levels. The hypotheses derived based on back trajectory analysis were tested based on 
the detailed characterisation of the dust storm and normal atmospheric deposition samples. 
 
3.2 Particle size distribution 
In the context of ecosystem health and urban water pollution, the fine particles are commonly 
defined as particles with the equivalent spherical diameter <150 µm (Herngren et al. 2006). Except 
for Yatala, the GC dust storm deposition samples collected consisted of a high percentage of 
particulates that were <150 µm size (Fig. 3). This was confirmed by the results of the SEM analysis 
of the QUT samples, which showed that the depositions primarily consisted of fine particles, 
generally in the 1-20 μm range (Fig. 4). As the study sites were about 1400 km away from the dust 
storm source, the majority of the coarse particles would have settled because of their weight before 
the dust storm reached the Gold Coast and Brisbane regions. In contrast, fine particles can travel 
longer distances because of their relatively lighter weight (McTainsh et al., 2005). Yatala area was 
undergoing significant land development related earthworks at the time of the dust storm. 
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Therefore, in comparison to the rest of the sites, the high fraction of coarse particles observed at this 
site can be attributed primarily to particles generated from disturbed soil due to earthworks.  
 
3.3 Solids 
Fig. 5 (a) and (b) compares TSS and TDS loads for dust storm and normal atmospheric deposition 
events. As evident from the figures, the dust storm has contributed a higher amount of TSS (range: 
204 – 1172 mg/m2) than TDS (range: 13 – 34 mg/m2), while the TDS load contributed by the dust 
storm was generally lower than the load contributed under ambient conditions (26 – 77 mg/m2). In 
comparison to normal deposition, in general, the dust storm contributed an additional TSS load in 
the range of 279 – 346 mg/m2. This would result in an increased build-up load on ground surfaces 
and its eventual wash-off with stormwater runoff would increase the TSS load in receiving waters.  
 
3.4 Organic Carbon 
In general, the dust storm did not significantly increase the TOC (range: 5.1 – 13.6 mg/m2) and 
DOC (0.5 – 6.5 mg/m2) loads in comparison to normal TOC (range: 6.6 – 16.4 mg/m2) and DOC 
(range: 4.5 – 9.4 mg/m2) deposition loads as evident in Fig. 5 (c) and (d), even though the dust 
storm passed over forest areas (Section 3.1). This indicates that any organic matter present in the 
dust storm did not settle and stayed in the atmosphere possibly because of relatively lighter weight. 
Consequently, the deposited dust storm particles predominantly consisted of soil particles that are 
relatively heavier.  
 
This was further confirmed by the SEM images of the QUT samples (Fig. 4), which suggested that 
the dust particles primarily contained minerals with only a small amount of fibres and fragments of 
plant materials. Australian soil has a low level of organic matter, typically <1% by weight (Spain et 
al., 1983). Hence, the presence of low TOC and DOC in soil contributed by dust storm deposition is 
not surprising. However, for Yatala, the organic carbon load was significantly high in the dust storm 
deposition when compared to the normal deposition load. Since land development activities were 
being undertaken in Yatala, it is hypothesised that local factors such as vegetation clearing would be 
responsible for this occurrence. Therefore, based on the direct comparison of depositions between 
dust storm and during ambient conditions, it can be concluded that organic matter is unlikely to be a 
potential pollutant in dust storms in Australia.  
 
3.5 Metals 
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The comparison of metal loads for the GC normal and dust storm depositions and the EDX analysis 
results of the QUT samples are shown in Fig. 6 and Fig. 7, respectively whilst detailed information 
regarding metal loads is given in Table S1 in Supplementary Information. As evident from Fig. 6 
and Fig. 7, increased loads of Al, Mn and Fe were present in the GC and QUT dust storm deposition 
samples. Al, Mn and Fe are present in common soil minerals such as feldspar, kaolinite, hematite, 
lithiophorite and mica. However, the difference between the normal and dust storm deposited Cr 
loads is not significant suggesting that the dust storm was not a primary contributor of Cr. It is 
hypothesised that Cr detected in the dust storm samples would have been contributed by local 
anthropogenic sources. Similarly, the Zn loads in dust storm samples varied considerably across the 
study sites indicating that the local anthropogenic activities would have been the primary source.  
Ni, Cu, Pb and Cd loads were low in both, dust storm and normal deposition samples. The low 
presence of these metals in atmospheric dry deposition samples could be attributed to the fact that 
they tend to stay in suspension in the atmosphere due to their relatively smaller mean mass median 
aerodynamic diameter (Pb- 0.96 μm; Cd- 1.14 μm; Ni- 1.45 μm; Cu- 2.04 μm) (Samara and Vousta, 
2005). Therefore, high loads of these metal ions could still be contributed to the aquatic 
environment via wet deposition since they have relatively high solubility in rain water (Morselli et 
al., 2003). Consequently, it is important to investigate wet deposition samples soon after a dust 
storm in order to derive a detailed understanding of the presence of these metals in the environment. 
 
3.6 Ecosystem health implications of the dust storm 
The increased quantity of dust storm particulates (Section 3.3) could adsorb a relatively higher 
amount of other toxic pollutants such as metals, thereby posing an increased risk to ecosystem 
health (Herngren et al., 2005). The presence of a large fraction of fine dust particles in particular 
(Section 3.2) in the dust storm has potential adverse ecosystem health implications. In addition, fine 
particles are not easily trapped by stormwater treatment facilities and can stay in suspension in the 
receiving water column for a relatively longer period after being transported by stormwater. This 
underlines the potential adverse aquatic ecosystem health impacts posed by fine particles . 
 
It was found that the presence of Al, Mn and Fe in the dust storm was significant, while the rest of 
the metals were not significantly present in the context of ecosystem health impacts (Section 3.5). 
Al, Mn and Fe tend to hydrolyse and precipitate as insoluble oxides or hydroxides in aqueous 
medium (Sposito, 2008). Consequently, they are not readily bioavailable suggesting that it may not 
be an issue in relation to ecosystem health. However, depending on the soil characteristics, 
stormwater runoff can be acidic, which can increase the solubility of these metal ions and make 
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them more readily bioavailable. Plants can intake the dissolved Al, Mn and Fe, leading to negative 
impacts. For example, Mn and Fe can cause growth problems, such as reduction or increase in leaf 
area in plants (Adamski et al., 2012; Casierra-Posada et al., 2012). In addition, these metals can 
accumulate in plants and eventually transferred to animals along the food chain. Consequently, this 
can cause adverse health impacts. For example, Al can react with the proteins in aquatic organisms 
such as fish leading to fatal consequences. Al can also react with phosphates in water and form 
insoluble compounds resulting in phosphate deficiency in aquatic organisms (Rosseland et al., 
1990).  
 
4. Conclusions 
This paper reports on the characteristics of the dust particles during a major dust storm in 2009 in 
Queensland, Australia. The primary findings are as follows: 
• The dust storm contributed a large fraction of fine particles. This is attributed to the ability 
of fine particles to travel a longer distance compared to coarse particles, which would settle 
after a short distance from the source. Fine particles can readily adsorb toxic pollutants such 
as metals and stay in suspension for longer periods. 
• The presence of organic carbon in the dust storm deposition was low. Australian soil has 
low organic carbon content.  
• The metal ions present in the dust storm particles primarily consisted of common 
geochemical metals, namely, aluminium, iron and manganese contributed by soil minerals.  
• Copper and zinc present in the dust storm deposition had been contributed by local 
anthropogenic sources.  
• Nickel, cadmium, copper and lead present in the dust storm deposition were not significant. 
However, it is possible that these metals could have stayed in suspension in the atmosphere 
instead of undergoing dry deposition. In this case, these metals could reach the aquatic 
ecosystem via wet deposition during rainfall events.  
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Fig. 1 Location map (R - Residential); (I - Industrial); (C - Commercial) (map of Gold Coast 
adapted from Google Maps)
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Fig. 2 Back trajectory analysis identifying the dust storm source and route  
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Fig. 3 Particle size distribution of dust storm samples for different sampling sites in the Gold Coast  
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(a) 
 
 
(b) 
 
Fig. 4 Backscattered electron images of dust particles collected from: (a) the flat smooth surface; 
(b) the air conditioner filter 
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  (a) (b) 
 
 
  (c) (d) 
 
Fig. 5 Comparison of dust storm  and normal (ambient)  atmospheric deposition samples 
 (a) Total suspended solids load; (b) Total dissolved solids load; (c) Total organic carbon load; (d) 
Dissolved organic carbon  (Ab - Upper Coomera: Abraham Road); (Re - Upper Coomera: Abraham 
Road);  (He - Helensvale); (Co - Coomera); (So - Southport); (Hi - Highland Park); (Mi - Miami); 
(Ya - Yatala)    
  
0 
200 
400 
600 
800 
1000 
1200 
1400 
Ab Re He Co So Hi Mi Ya 
Lo
ad
 /
 (m
g/
m
2 )
 
0 
20 
40 
60 
80 
100 
Ab Re He Co So Hi Mi Ya 
0 
10 
20 
30 
40 
50 
60 
Ab Re He Co So Hi Mi Ya 
Lo
ad
 /
 (m
g/
m
2 )
 
0 
5 
10 
15 
20 
25 
30 
35 
Ab Re He Co So Hi Mi Ya 
  
16 
 
 
 
 
0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
Ab Re He Co So Hi Mi Ya 
Lo
ad
 /
 (m
g/
m
2 )
 
0 
5 
10 
15 
20 
25 
Ab Re He Co So Hi Mi Ya 
0 
10 
20 
30 
40 
50 
Ab Re He Co So Hi Mi Ya 
Lo
ad
 /
 (m
g/
m
2 )
 
0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
Ab Re He Co So Hi Mi Ya 
0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
Ab Re He Co So Hi Mi Ya 
Lo
ad
 /
 (m
g/
m
2 )
 
0 
2 
4 
6 
8 
10 
Ab Re He Co So Hi Mi Ya 
0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
Ab Re He Co So Hi Mi Ya 
Lo
ad
 /
 (m
g/
m
2 )
 
0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
Ab Re He Co So Hi Mi Ya 
Mn Al 
Fe 
Zn 
Pb Cr 
Ni 
Cu 
17 
 
 
Fig. 6 Metal load for dust storm        and normal (ambient) deposition        (Ab - Upper Coomera: 
Abraham Road); (Re - Upper Coomera: Abraham Road);  (He - Helensvale); (Co - Coomera); (So - 
Southport); (Hi - Highland Park); (Mi - Miami); (Ya - Yatala)    
 
 
Fig. 7 EDX spectrum of the QUT dust particles  
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Table S1 Pollutant loads before and after the dust storm event (mg/m2) 
Dust Storm Deposition 
Name  Fe Al Mn Cr Ni Cu Zn Cd Pb TSS TDS TOC DOC 
Upper Coomera (Abraham Road) 31.3 17.2 0.49 0.38 0.02 0.04 0.42 nd 0.03 331 24.1 5.06 0.49 
Upper Coomera (Reserve Road) 4.98 2.22 0.13 0.38 0.04 0.01 0.44 nd 0.01 204 28.4 8.03 4.79 
Helensvale 41.1 23.0 0.62 0.36 0.01 0.05 1.88 nd 0.04 561 30.7 7.51 4.76 
Coomera 0.23 0.12 0.00 0.35 0.01 0.00 0.14 nd 0.00 510 32.4 7.59 4.22 
Southport 27.3 14.7 0.42 0.72 0.01 0.04 3.79 nd 0.05 879 16.2 7.11 3.69 
Highland park 39.6 21.8 0.63 0.70 0.01 0.02 8.11 nd 0.03 941 13.3 10.0 5.62 
Miami 30.6 16.7 0.53 0.68 0.02 0.04 6.52 nd 0.04 892 15.8 13.6 6.53 
Yatala 42.9 23.0 0.79 0.64 0.02 0.07 5.30 nd 0.06 1171 34.0 51.4 32.8 
 
Normal Deposition 
Name  Fe  Al  Mn Cr Ni  Cu  Zn Cd Pb TSS TDS TOC DOC 
Upper Coomera (Abraham Road) 10.2 6.08 0.54 0.71 0.01 0.02 2.16 0.11 0.05 257 31.2 15 8.37 
Upper Coomera (Reserve Road) 4.23 2.75 0.08 0.52 nd 0.01 0.72 0.04 nd 238 25.9 9.01 3.25 
Helensvale 4.98 3.41 0.08 0.09 0.01 0.02 6.59 0.01 0.02 215 32.6 17.6 8.57 
Coomera 4.71 2.41 0.12 0.35 nd 0.03 0.53 nd nd 217 29.7 8.75 5.94 
Southport 4.00 2.24 0.06 0.79 0.01 0.01 0.83 0.01 0.00 600 56.5 7.96 7.91 
Highland park 2.25 1.28 0.04 0.93 0.00 0.02 1.09 0.00 0.00 569 59.9 10.0 9.14 
Miami 5.04 2.56 0.08 0.80 0.00 0.02 0.96 0.05 0.05 588 45.7 4.55 2.88 
Yatala 10.2 4.92 0.17 0.91 0.00 0.02 1.22 0.01 0.03 655 77.3 7.24 4.54 
nd – not detected 
 
 
